Objective: To investigate the accuracy of total body water (TBW) predicted by foot-to-foot bioelectrical impedance compared with a deuterium oxide dilution technique in oncology outpatients receiving radiotherapy. Design: Cross-sectional design. Setting: Two private Australian radiation oncology facilities. Subjects: In all, 27 subjects (23 males; four females); mean age 62 (715) y; mean BMI 26.2 kg/m 2 (73.6). Intervention: TBW was measured using a deuterium oxide dilution technique and predicted using foot-to-foot bioelectrical impedance (Tanita Inc., Tokyo, Japan, Models TBF 410 and 300GS). Results: The mean (s.d.) values for predicted and measured TBW was 41.5 (6.7) and 39.7 (8.7) l, respectively, indicating a mean bias to overestimation by the foot-to-foot impedance of 1.8 l. However, a significant negative correlation between the mean of the measurements of TBW and their difference (r ¼ À0.40; P ¼ 0.04) indicates a progressive underestimation of TBW by foot-tofoot impedance as the water content of the body increases. The analysis of 95% limits of agreement (72 s.d.) showed that for most individuals the TBW predicted by foot-to-foot impedance can vary as much as 12 l above or 8.6 l below the actual TBW measured by a deuterium oxide dilution technique. Conclusion: There is good agreement between foot-to-foot bioelectrical impedance with a gold standard technique at the group level. However, the significant correlation between the difference of predicted and measured TBW, and the wide limits of agreement between the two methods, indicates that the use of foot-to-foot impedance in assessing TBW may lead to unacceptable error in individuals.
Introduction
Malnutrition occurs frequently in patients with cancer of the head and neck as a result of the tumour and/or the anticancer therapy such as radiotherapy (van Bokhorst-de van der et al, 1999) . Assessing the body composition of patients with cancer is important to determine the actual changes in fat and lean body mass, rather than relying on changes in weight alone as an index of nutritional status. Malnutrition can lead to poor outcomes such as increased morbidity, mortality and treatment complications (Ottery, 1996) , and results from the loss of lean body mass rather than body fat (Tchekmedyian et al, 1992) . Malnutrition is often not recognised until severe complications result and treatment is more complicated. The early detection and treatment of malnutrition could be of clinical importance in maintaining functional status and quality of life.
Techniques such as dual X-ray absorptiometrey (DXA) or hydrodensitometry can be impractical in patients with disease because of burden to the patient. A simple, noninvasive form of measuring body composition is bioelectrical impedance analysis (BIA). The principle of BIA is that an electrical current is carried in the human body via body water. Fat is essentially anhydrous, therefore the resistance to the flow of the electrical current is proportional to the volume of body water, and hence fat-free mass (FFM), as there is a known relation between total body water (TBW) and FFM (Hoffer et al, 1969) . Height 2 /impedance of a conducting medium is proportional to the volume of that medium. In the human body, height is used as a proxy for the length of the conducting medium, that is the volume of water within the body.
Traditional BIA uses a tetra-polar surface electrode method that involves placing skin electrodes on the foot, ankle, wrist and hand. The distal electrodes, which are those placed on the foot and hand, are used to induce an electrical current (usually 800 mA) into the body and generates a voltage between the distal and proximal electrodes of the body volume according to Ohm's law.
Tetra-polar BIA has been used in many populations and many validations have been undertaken (Lukaski et al, 1986; Segal et al, 1987; Houtkooper et al, 1996) . A recent development is foot-to-foot or leg-to-leg BIA. The foot-tofoot apparatus is so-named because the current is induced and the voltage drop measured via four metallic footplates situated within a conventional weighing scale. The heels of the feet are placed on two of the plates while the toes are placed on the other two plates, which act as separate electrodes. The electrical current is carried via the anterior plate (toes) and the voltage drop is measured across the posterior electrode (heel).
Foot-to-foot BIA has the advantage of being quicker and easier to use than the more traditional surface electrode approach. However, the algorithms used by these commercially available machines should be revalidated when applied in a population that differs from the one in which they were developed (Heymsfield et al, 1996) . Population-relevant equations are recommended to minimise the possible sources of error such as extracellular water volume, hydration status, geometric body shape and adipose volume (Baumgartner et al, 1989; NIH Technology Assessment Conference Statement, 1994) . Foot-to-foot BIA has been investigated in several studies, principally in children, healthy adults or in overweight or obese subjects (Hainer et al, 1995; Nunez et al, 1997; Bell et al, 1998; Xie et al, 1999; Jartti et al, 2000; Jebb et al, 2000; Abbott & Davies, 2001; Cable et al, 2001; Powell et al, 2001; Tyrrell et al, 2001; Utter et al, 2001; Batterham et al, 2002) . There are no published studies investigating this technique in patients with cancer or in chronic diseases other than obesity. Studies in other populations showed that foot-to-foot BIA was acceptable (Nunez et al, 1997; Jebb et al, 2000) , but others found significant error in TBW estimation, particularly as the volume of TBW increased (Bell et al, 1998; Abbott & Davies, 2001; Tyrrell et al, 2001) . The aim of this study was to investigate the validity of foot-to-foot BIA by comparing the TBW predicted by foot-to-foot BIA with that measured using a deuterium oxide dilution technique in oncology outpatients receiving radiotherapy to the head and neck area.
Subjects and methods
In total, 27 (23 males; four females; mean age 62715 y) of 36 consecutive oncology outpatients receiving radiotherapy to the head and neck area provided informed consent to participate in the study over a seven-month period. There were no significant differences in gender, age, weight, height, BMI, tumour site, or dose and field of radiotherapy in subjects who did and did not consent to participate in the study. Subjects with cardiac pacemakers, those who could not communicate adequately in English or had cognitive problems were excluded. The study was approved by the Queensland University of Technology and The Wesley Hospital Ethics committees.
In all, 38% (eight) of subjects were receiving radiotherapy to the mediastinal area, 22% (six) to the neck area, 15% (four) to the parotid, 15% (four) to the mouth, 11% (three) to the oesophagus and 7% (two) to other areas of the head or neck. In total, 52% (14) of subjects were receiving postoperative radiotherapy. Two subjects were also receiving chemotherapy. Physical characteristics of the study participants are shown in Table 1 .
All subjects received radiotherapy treatment 30-60 min prior to data collection. No patient had received chemotherapy within 24 h of body composition assessment. Height was then measured to the nearest 0.1 cm with a stadiometer (Harpenden, Holtain Ltd, Crosswell, Dyfed, UK). Weight was measured to the nearest 0.1 kg and TBW predicted by two models of commercially available foot-to-foot impedance devices (Tanita Inc., Tokyo, Japan, Models TBF 410 and 300GS). Subjects were requested to eat and drink minimally for 2 h prior to TBW prediction by foot-to-foot BIA and minimal jewellery was worn. TBW was measured immediately after prediction by footto-foot BIA in each subject using the stable isotope of hydrogen, deuterium, in the form of water ( 2 H 2 O). After TBW prediction by foot-to-foot BIA, subjects provided a urine sample and then drank a 10% solution of 2 H 2 O based on their body weight (0.5 g/kg body weight). The exact amount of 2 H 2 O consumed was measured to two decimal places of a gram. A second urine sample was provided 4-6 h later. The enrichment of the predose urine sample, postdose urine sample, local tap water and the dose given were measured using isotope ratio mass spectrometry (Hydra, Europa Scientific, Crewe, UK). A 0.5 ml vial (Hewlet-Packard, USA) containing approximately 1 mg of platinum on alumina powder (Sigma Aldrich, Sydney) was placed upright in a 0.5 ml aliquot of urine sample. The exetainers were evacuated for 5 min and then flooded with 99% hydrogen gas. The samples were left at room temperature for 3 days to equilibrate the deuterium in the urine sample with the hydrogen gas above it. The platinum on alumina powder acted as a catalyst (Prosser et al, 1991 (Prosser et al, , 1995 . Reference waters were prepared at the same time and in the same way as the urine samples. After equilibrium was established, the enrichment of the samples was measured in triplicate. Standard mean ocean water (SMOW) was used as a reference. The following equation was used to calculate the deuterium oxide dilution space (N):
where A is the amount of isotope given in grams, a is the portion of the dose in grams retained for mass spectrometer analysis, T is the amount of tap water in which the portion a is diluted before analysis, and Ea, Et, Ep and Es are the isotopic enrichments in delta units relative to SMOW of the portion of dose, the tap water used, the predose urine sample and the postdose urine sample, respectively (Halliday & Miller, 1977) . N divided by 1.04 was used to calculate TBW (Schoeller et al, 1980) .
Statistical methods
Statistical analyses were carried out using SPSS Version 10, 2000 (SPSS Inc., Chicago, IL, USA). The approach of Bland and Altman (1986) was used to compare the TBW measured by a deuterium oxide dilution technique with that predicted by foot-to-foot impedance. This approach determines the bias in the measurement of TBW between the two techniques and the limits of agreement ( þ 2 s.d. from the bias). The bias is calculated as being the mean of the differences between the predicted and measured values of TBW. Regression analysis was used to evaluate the relation between height 2 /impedance and measured TBW. Correlation analysis was used to examine the association between the mean of the measurements of TBW and the differences between the two methods. Descriptive statistics were used to present subject characteristics. Statistical significance was reported at the conventional Po0.05 level (two-tailed).
Results
The mean (s.d.) TBW predicted by foot-to-foot BIA and that measured by deuterium oxide dilution was 41.5 l (6.7) and 39.7 l (8.7) respectively, indicating a mean bias of 1.8 l (5.2) which was not statistically significant (P ¼ 0.405). Owing to the small proportion of female subjects, there was not enough power to investigate whether the level of bias was different for male and female subjects. To investigate whether the bias was constant across the range of TBW, a Bland-Altman plot of the difference between the measured and the predicted TBW and the mean of the measurements is presented in Figure 1 . The analysis of 95% limits of agreement showed that for most individuals the TBW predicted by foot-to-foot BIA can vary as much as 12 l above or 8.6 l below the actual TBW measured by deuterium dilution. There was a significant negative correlation between the mean of the measurements of TBW and their difference (r ¼ À0.40; P ¼ 0.04).
The relation between height 2 /impedance and measured TBW is shown in Figure 2 . The regression coefficient is 0.56 and the standard error of estimate is 6.1 l. 
Mean + 2SD
Mean -2SD Figure 1 The difference between TBW predicted by foot-to-foot impedance and the TBW measured by a deuterium dilution technique plotted against the mean of the two measurements with 95% limits of agreement.
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Discussion
Two models of the Tanita foot-to-foot apparatus were used in this study. Model TBF 410 is a large upright apparatus and was used in the clinical setting, whereas the more portable TBF 300GS was used for home visits. The comparison studies demonstrated that the machines varied by less than 0.01% in predicting mean values for impedance and weight, and less than 2% for mean TBW. The bias was consistent across the range of TBW, and there were no significant correlations between the mean measurements of values and their differences for impedance (r ¼ À0.315; P ¼ 0.346), TBW (r ¼ 0.486; P ¼ 0.129) and weight (r ¼ À0.457; P ¼ 0.158). The small and consistent bias suggests that it was acceptable to use both models in this study. The prediction of TBW and hence FFM and fat mass has traditionally been used in many field settings. Several studies have investigated the more traditional surface electrode BIA as a method of measuring TBW in cancer patients (Simons et al, 1995; Barber et al, 1999; Simons et al, 1999; McMillan et al, 2000; Bauer et al, 2002) . The development of a new technique, foot-to-foot BIA, has further advantages in that it is even quicker and easier to use. This apparatus relies on algorithms that need to be validated before being used routinely in a specific population. This study therefore compared TBW predicted by foot-to-foot BIA with those measured using a deuterium oxide dilution technique. Deuterium oxide dilution is accepted as one of the 'gold standard' techniques for measuring TBW (Sheng & Huggins, 1979) , although the measured dilution space needs to be corrected for overestimation of TBW because of the exchange of isotope with nonaqueous hydrogen (Schoeller et al, 1980) . In our laboratory, in vitro tests have shown that the accuracy of deuterium dilution for measuring a water volume is approximately 1%.
For good agreement between the two methods the bias should be close to zero, 95% of the differences will lie between the limits of agreement, and there should not be a significant relation between the difference and mean. Compared with the 'gold standard', the foot-to-foot BIA on average overestimates true TBW by 1.8 l. This is equivalent to approximately 2.5 kg of FFM. Figure 1 shows the wide limits of agreement. For most individuals the TBW predicted by foot-to-foot BIA can vary as much as 12 l above or 8.6 l below the actual TBW measured by deuterium dilution. The bias between the predicted and the measured TBW was not consistent across the range of TBW. The significant negative correlation between the means and the differences of the TBW measured (r ¼ À0.40; P ¼ 0.04) suggests that foot-tofoot impedance leads to an increasing underestimation of true TBW as the total body volume increases. This error may be because of the algorithm used to predict TBW in the footto-foot machine. Bell (1998) assessed foot-to-foot BIA in adults and Tyrell (2001) in children, and both authors concluded that while foot-to-foot BIA was found to be a useful and accurate measure of body composition in groups, because of inconsistent bias and the large limits of agreement, it should not be considered a gold standard for use in individuals.
The importance of using a prediction algorithm that was developed in a similar population is demonstrated by Simons et al (1995) , who observed that single frequency BIA (50 kHz) overestimated TBW in underweight cancer patients by 5% (1.6 l) when using a prediction equation developed in normal weight patients compared with deuterium dilution. Royall et al (1994) also found that TBW was overestimated by 5.9% in malnourished patients with Crohn's disease when a prediction formulae developed in normal weight patients was used, compared with a deuterium reference. Bauer et al (2002) calculated the TBW of 18 patients with cancer of the pancreas using three published prediction equations developed in surgical patients, underweight and normal weight patients with end-stage cancer. It was concluded that while there were no significant differences in TBW assessed by the equations, the wide limits of agreement meant that they could not be used interchangeably at the individual level, as clinically important differences may be obtained.
The regression line relating TBW measured with height 2 / impedance measured from the foot-to-foot BIA is shown in Figure 2 . The regression coefficient of 0.56 is close to 0.6 and compares to other studies which found the value to be 0.66 (Nunez et al, 1997; Bell et al, 1998) . The intercept of 5.9 is larger than anticipated. The intercepts in other studies have been 0.65 (Bell et al, 1998) and 1.93 (Nunez et al, 1997) . Another study in children with Prader Willi syndrome did find a similar regression coefficient (Davies, 1992) . As can be seen from Figure 2 there is a lot of scatter around the line of best fit contributing to a high standard error of estimate Prediction of TBW in oncology outpatients E Isenring et al (SEE) of 6.1 l. Nunez (1997) also observed a large SEE of 5.45 l, but this is greater than the 4.6 l and 4.8 l reported by Bell et al (1998) . The smallest SEE in FFM estimation by foot-to-foot BIA was observed by Jartti (2000) at 3.5 kg.
Studies using surface electrode BIA typically find smaller SEE of 2 l (NIH Technology Assessment Conference Statement, 1994; Houtkooper et al, 1996) than have been observed in foot-to-foot BIA studies which may be of concern. A reason suggested by Nunez (1997) for the large SEE associated with body composition regression models in their studies was because of the diverse nature of the subject pool. This was also the case in the present study, with patients ranging from severely malnourished to obese and some receiving chemotherapy and on a variety of medications. Owing to the nature of the disease and treatments received by the study participants, the foot-to-foot BIA protocol was not as restrictive compared to other studies (Cable et al, 2001 ). In the current study, the regression model provides useful information but must be interpreted with caution because of the large SEE. Future research in patients with cancer of the head and neck is warranted, and it is expected that a larger sample size would help to reduce the SEE. Investigating the accuracy of foot-to-foot BIA in a subgroup of patients with cancer, for example malnourished patients, may help improve the homogeneity of the sample, reduce the SEE and lead to a better prediction equation for use in this population.
Previous research suggests that it is appropriate to use height as a proxy for leg length in foot-to-foot impedance as it was found that leg length did not significantly improve the accuracy of foot-to-foot impedance because of its strong correlation with height in adults (r ¼ 0.94; Po0.01) (Bell et al, 1998) .
Limitations associated with BIA technology include the assumption of constant hydration and FFM composition which can vary with obesity, disease, age and in different ethnic groups (Houtkooper et al, 1996) . Although oedema was not observed in any of the subjects, some of them were receiving chemotherapy. This may have contributed to the diverse nature of the subjects resulting in a higher than anticipated SEE.
In summary, the data presented in this paper suggest that foot-to-foot impedance is accurate in groups of patients with cancer receiving radiotherapy to the head and neck area. However, the progressive underestimation of TBW as body volume increases limits the clinical application of foot-tofoot BIA in these patients as the bias is not consistent across all measures of TBW. This may lead to an unacceptable degree of error in individuals over time. It remains unclear whether this applies to other populations with chronic disease.
